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Abstract

Oxygen plays a key role in human mesenchymal stem cell growth. Without adequate oxygen (hypoxic
condition), cells are not able to survive, proliferate, and migrate. The objective of the present study is
to investigate oxygen transfer through the cell-seeded scaffolds stored in static or dynamic bioreactors
using a mathematical model. The effects of porosity, cell type, scaffold architecture and cell
distribution as potential effective parameters on oxygen transfer kinetics were examined. The results
suggest the substantial effect of porosity and cell type on the oxygen concentration within the scaffold
compared to scaffold architecture (homogeneous vs. gradient). The obtained data show that the
direction of oxygen transfer in deep regions with dead cells changes over time and reverse mass
transfer allows the cells to nourish from both top and bottom layers. Finally, the extent of oxygen
transfer in static bioreactors/cultures was compared to dynamic ones. The results show that dynamic
bioreactors have a better performance and are more efficient for oxygen transfer.
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1. Introduction

For many years, patients have confronted with tissue or organ loss due to various diseases [1]. It has
been reported that more than one million patients are annually suffering from tissue loss in United
States [2] and seventeen people die every day due to lack of available organ donors [3].
Despite the lifesaving performance of autografts and allografts in some cases, they are mostly limited
by the number of available tissues/organs for transplantation and rejection of transplant by patient's
immune system [4]. Tissue engineered constructs as a potential alternative have recently attracted
considerable attention. Porous scaffolds are known as one of the most important elements in tissue
engineering as they grant necessary area for cell adhesion, growth, and proliferation [5] as well as
mechanical support for the whole construct.
Diffusion of oxygen is crucial for enhancing the performance of scaffolds by improving cell adhesion
and proliferation [6]. It goes without saying that inadequate oxygen concentration in certain areas of a

porous scaffold may lead to cessation of cell proliferation and triggering cell death [7]. Generally, in
hypoxic condition, cells prone to convert glucose to lactic acid which leads to necrosis [8]. It has been
reported that some cells can tolerate the mild hypoxic condition for several hours; however, they
cannot survive in zero oxygen concentration more than a few minutes [5]. Thus, examination and
optimization of oxygen concentration in porous scaffolds play a pivotal role in improving the
performance of them. As a common strategy, porous scaffolds are fabricated in small sizes to facilitate
the diffusion of oxygen throughout the construct [9]. However, for critical size scaffolds, the uniform
distribution of oxygen is not always possible. The oxygen concentration gradient in such scaffolds is a
function of exposure time and distance from the oxygen source [5,10]. The location of the oxygen
source and the efficiency of oxygen transport can influence the uniformity of cell distribution all over
the scaffold by formation of hyper or hypoxic condition in certain regions [5].
Scaffolds fabricated through conventional methods typically possess uniform porosity and pore size all
over the construct [9]. In contrast, anisotropic scaffolds including scaffolds with pore size and/or
porosity gradient have received wide attention in recent years [[11], [12], [13], [14]]. Such scaffolds
have been reported to significantly increase the seeding efficiency and prompt a more homogenous
cell distribution compared to homogeneous ones [11,15]. Such observations can be explained by the
differences in scaffold architecture which in turn influences flow conditions as well as oxygen and
nutrient transfer throughout the scaffold [16]. Modeling of oxygen (or nutrients) concentration in
gradient scaffolds vs. corresponding homogenous ones can lead to better comprehension of the effect
of scaffold architecture on the cell growth, proliferation and distribution through governing the mass
transfer throughout the scaffold [11,17]. There are a few number of reports on the modeling of oxygen
concentration in various scaffolds [2,[18], [19], [20]]. However, no model has been developed for
predicting oxygen diffusion in gradient scaffolds. In the present study, in addition to investigating the
effect of porosity, cell type and distribution, a mathematical model was developed to predict the
oxygen concentration through homogenous and gradient scaffolds. Spatial and time dependencies of
oxygen concentration have also been investigated. Finally, the effect of static and dynamic bioreactors
on oxygen transfer and concentration profile was mathematically studied.

2. Methods/mathematical modeling

The bioreactor with similar equations of mass transfer for a constant porosity was employed as
previously reported by Zhao et al. [17]. The mass transfer equations were also modified to obtain
relevant mathematical models for the systems via varying porosity/pore size such as gradient scaffolds.
The systems have been modeled both in static and dynamic conditions as schematically represented
in Fig. 1.

Fig. 1. Schematic illustration of proposed systems for static (A) and dynamic (B) bioreactors [17] (with
permission from Wiley).

2.1. Static bioreactor/culture

According to Fig. 1(A), the bioreactor is divided into two separate regions: liquid layer and scaffold-cell
layer. Due to absence of cells in liquid layer, there is no reaction in this region. Consequently, the mass
transfer equation is defined as follows:
(1)

𝜕𝜕𝜕𝜕
= (𝛻𝛻𝐷𝐷𝐿𝐿 𝛻𝛻𝛻𝛻)
𝜕𝜕𝜕𝜕

where 𝑐𝑐 is dimensionless oxygen concentration which is obtained through dividing the oxygen
concentration by the dissolved oxygen concentration in equilibrium with atmospheric oxygen, t is time,
and DL is oxygen diffusion coefficient in liquid layer.
For scaffold-cell layer, an extra reaction term is added to equation (1) due to the consumption of
oxygen by the cells:
(2)

𝑄𝑄𝑚𝑚 𝐾𝐾𝑒𝑒𝑒𝑒 𝜀𝜀𝛾𝛾 𝑐𝑐
𝜕𝜕𝜕𝜕
= (𝛻𝛻𝐷𝐷𝑆𝑆 𝛻𝛻𝛻𝛻) −
𝐾𝐾𝑚𝑚
𝜕𝜕𝜕𝜕
+ 𝐾𝐾𝑒𝑒𝑒𝑒 𝑐𝑐𝜀𝜀𝛾𝛾
𝐶𝐶0

where 𝐷𝐷𝑆𝑆 is diffusion coefficient of oxygen in scaffold. The reaction term is attributed to the
consumption of oxygen and assumed to follow Michaelis-Menten kinetics where 𝑄𝑄𝑚𝑚 and 𝐾𝐾𝑚𝑚 are
specific oxygen consumption rate and saturation constant, respectively. 𝐾𝐾𝑒𝑒𝑒𝑒 is equilibrium constant for
oxygen and 𝐶𝐶0 is dissolved oxygen concentration in equilibrium with atmospheric oxygen. The volume
fraction of cells is represented by 𝜀𝜀𝛾𝛾 which can be obtained through following equation:
(3)

𝜀𝜀𝛾𝛾 = 𝜀𝜀𝛾𝛾0 exp(𝑚𝑚𝑚𝑚)

where 𝜀𝜀𝛾𝛾0 is initial cell volume fraction and m is cell growth rate.

The boundary conditions in equations (1), (2) are defined as follows: Oxygen concentration in the top
edge of liquid layer is equal to oxygen concentration in incubator (Catm):
(4)

𝑐𝑐 = 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 ∀𝑥𝑥 = [0, 𝐿𝐿],y = 2l + T

Also, an equal diffusion flux between liquid layer and scaffold-cell layer is considered at the interface of
layers:
(5)

−𝐷𝐷𝛽𝛽 𝛻𝛻𝛻𝛻|𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙layer = −𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝛻𝛻𝛻𝛻|celllayer
Finally, there is no mass transfer to solid walls:
(6)

𝛻𝛻𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐 = 0∀𝑦𝑦 = [0,2𝑙𝑙],x = 0
(7)

𝛻𝛻𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐 = 0∀𝑦𝑦 = [0,2𝑙𝑙],x = L
(8)

𝛻𝛻𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐 = 0∀𝑥𝑥 = [0, 𝐿𝐿], 𝑦𝑦 = 0
2.2. Dynamic bioreactor

The dynamic bioreactor is schematically illustrated in Fig. 1(B). A membrane is inserted at the top and
bottom of the bioreactor for oxygen exchange. In the liquid layer, oxygen transfer is accomplished
through both diffusion and convection mass transfer. To model the whole system, only half of the
bioreactor is taken into account due to symmetry of the bioreactor. The mass transfer equation in the
liquid layer is defined as:
(9)

𝜕𝜕𝜕𝜕
= (𝛻𝛻𝐷𝐷𝐿𝐿 𝛻𝛻𝛻𝛻) − 𝑣𝑣𝑥𝑥 𝛻𝛻𝑐𝑐
𝜕𝜕𝜕𝜕

where 𝑣𝑣𝑥𝑥 is the velocity of media in liquid layer which is defined using the following equation:

(10)

𝑣𝑣𝑥𝑥 =

6𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎
[(𝑇𝑇 + 2𝑙𝑙)𝑦𝑦 − 𝑦𝑦 2 − (𝑙𝑙2 + 𝑇𝑇𝑇𝑇)]
2
𝑇𝑇

In this equation 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 stands for the average velocity of the media.

In contrast to the liquid layer, in the scaffold-cell layer, oxygen is only transferred through diffusion
mechanism alike the static bioreactor/culture:
(11)

𝑄𝑄𝑚𝑚 𝐾𝐾𝑒𝑒𝑒𝑒 𝜀𝜀𝛾𝛾 𝑐𝑐
𝜕𝜕𝜕𝜕
= (𝛻𝛻𝐷𝐷𝑆𝑆 𝛻𝛻𝛻𝛻) −
𝐾𝐾𝑚𝑚
𝜕𝜕𝜕𝜕
+ 𝐾𝐾𝑒𝑒𝑒𝑒 𝑐𝑐𝜀𝜀𝛾𝛾
𝐶𝐶0

Oxygen flux on top of the liquid layer can be written as a function of membrane permeability as follows
[17]:
(12)

−𝐷𝐷𝛽𝛽

𝜕𝜕𝜕𝜕
= 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑐𝑐)
𝜕𝜕𝜕𝜕

The flux balance equation at the inlet of reactor is considered according to Danckwert's boundary
condition [21]:
(13)

𝑣𝑣𝑐𝑐𝑖𝑖𝑖𝑖 = 𝑣𝑣𝑣𝑣 − 𝐷𝐷𝐿𝐿

𝜕𝜕𝜕𝜕
∀𝑦𝑦 = [𝑙𝑙, 𝑙𝑙 + 𝑇𝑇],x = 0
𝜕𝜕𝜕𝜕

where 𝑐𝑐𝑖𝑖𝑖𝑖 is the concentration of dissolved oxygen delivered at the inlet which is equal to Catm.
It should be noted that, a zero-diffusive mass transfer is considered at the end of reactor:

(14)

𝐷𝐷𝐿𝐿

𝜕𝜕𝜕𝜕
= 0∀𝑦𝑦 = [𝑙𝑙, 𝑙𝑙 + 𝑇𝑇],x = L
𝜕𝜕𝜕𝜕

Like static condition, an equal diffusion flux between liquid layer and cell layer is considered at the
interface of the layers. Furthermore, mass transfer of oxygen to solid walls is equal to zero:
(15)

𝛻𝛻𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐 = 0∀𝑦𝑦 = [0, 𝑙𝑙],x = 0
(16)

𝛻𝛻𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐 = 0∀𝑦𝑦 = [0, 𝑙𝑙],x = L

(17)

𝛻𝛻𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐 = 0∀𝑥𝑥 = [0, 𝐿𝐿], 𝑦𝑦 = 0

2.3. Effect of porosity and scaffold architecture on mass transfer

In the current study, the effect of porosity was examined by modifying the aforementioned mass
transfer equations. Equations such as equation (2) are not capable of reflecting the effect of porosity,
which makes them unfit for modeling of mass transfer in porous constructs. The effect of porosity was
investigated by employing an oxygen transfer model for brain tissue developed by Nicholson [22]:
(18)

𝜕𝜕𝜕𝜕
𝑅𝑅
= 𝐷𝐷 ∗ 𝛻𝛻 2 𝑐𝑐 +
𝜕𝜕𝜕𝜕
𝛼𝛼

where 𝐷𝐷∗ = 𝐷𝐷/𝜆𝜆2 is the effective diffusion coefficient and 𝜆𝜆 represents tortuosity of the porous
construct. In this equation, 𝑅𝑅 and 𝛼𝛼 symbolize reaction term and porosity of the system, respectively.
Based on equation (18), the changes in oxygen concentration in a porous media can be predicted.

2.4. Solution procedure

The explicit finite difference method was used to solve the mass transfer equation in this study.
Indeed, mass transfer equation and the related boundary conditions were developed and calculated by
using MATLAB programming software. In the present study, human mesenchymal stem cells were
considered as the seeded cells into the scaffolds. Characteristics of static and dynamic systems are
summarized in Table 1. Generally, for solving an equation using analytical methods, time is a negligible
parameter. However, time plays an important role for solving the mathematical equations
using numerical methods. Herein, we presented two different networks including 30 × 30 and 100 ×
100 nodes in width and length of bioreactor for solving the mass transfer equations. It should be
mentioned that the number of nodes significantly affects the required time for solving the equations.
The problem was separately solved for each network in static bioreactor/culture and the results are
shown in Fig. 2. While 100 × 100 node network needs more time for calculations, the final results
revealed no significant difference between 30 ⨯ 30 and 100 ⨯ 100 node networks suggesting that
using smaller networks would reduce the time of calculation. We even tried higher number of nodes
and no difference in the outcome was observed (data not shown). Therefore, 30 ⨯ 30 node network
was selected for discretizing of the system and predicting oxygen mass transfer in porous scaffolds in
the present study.
Table 1. Characteristics of static and dynamic bioreactors.
Parameter
Static Bioreactor
Specific cell volume
Cell growth rate
Initial cell volume fraction
Oxygen concentration in equilibrium with 20%
gas-phase oxygen

Value
𝑉𝑉𝑔𝑔 = 2.8 × 10−9
𝑚𝑚 = 3.87454 × 10−7 1/s
𝜀𝜀𝛾𝛾𝛾𝛾 = 9.65 × 10−3
𝐶𝐶0 = 2.10 × 10−7 mmol/cm3

Oxygen diffusion coefficient in liquid layer
Oxygen diffusion coefficient through cells in
the scaffold
Scaffold thickness
Liquid layer thickness
Bioreactor length
Bioreactor width
Saturation constant
Dynamic Bioreactor
Specific cell volume
Saturation constant
Cell growth rate
Initial cell volume fraction
Dimensionless specific oxygen consumption
rate
Matrix scaffold
Liquid layer thickness
Bioreactor length
Bioreactor width
Flow rate
Membrane thickness
Membrane length
Membrane permeability
Average velocity

𝐷𝐷𝛽𝛽 = 3.29 × 10−5 cm2 /𝑠𝑠
𝐷𝐷𝛾𝛾 = 1.59 × 10−5 cm2 /𝑠𝑠

2𝑙𝑙 = 0.12cm
𝑇𝑇 = 0.6cm
𝐿𝐿 = 10cm
𝑤𝑤 = 2.5cm
𝐾𝐾𝑚𝑚 = 1.105265 × 10−8 mol/cm3

𝑉𝑉𝑔𝑔 = 2.8 × 10−9
𝐾𝐾𝑚𝑚 = 1.105265 × 10−8 mol/cm3 (= 0.05𝐶𝐶0 )
𝑚𝑚 = 1.18 × 10−6 1/s
𝜀𝜀𝛾𝛾𝛾𝛾 = 1.53 × 10−3
𝑄𝑄𝑚𝑚 (1/𝑠𝑠) = −3.6198 × 10−16 𝑡𝑡 2
+ 6.6040 × 10−10 𝑡𝑡
+ 2.3413 × 10−3
2𝑙𝑙 = 0.12cm
𝑇𝑇 = 0.6cm
𝐿𝐿 = 10cm
𝑤𝑤 = 2.5cm
0.1𝑚𝑚𝑚𝑚/min
130𝜇𝜇𝑚𝑚
10𝑐𝑐𝑚𝑚
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 1.343 × 10−5 cm/s
1.11 × 10−3 cm/s

Fig. 2. Effect of number of nodes on the outcome of the model.

3. Results and discussion

In the present study, we have focused more on the results of oxygen mass transfer in static
bioreactor/culture. However, we compared the performance of both static and dynamic bioreactors at
the end. Fig. 3(A) shows the oxygen profile after 40 days in static condition when the effect of porosity
is neglected. As expected, the minimum value of oxygen concentration belongs to the lowest layer of
scaffold. It should be noted that in the liquid layer, the oxygen concentration is approximately a linear

function of liquid depth. Nevertheless, the non-linear behavior in scaffold region can be attributed to
oxygen consumption (equation (2)). Also, there is no oxygen diffusion in the length of bioreactor due to
the dominant boundary conditions in the system. Fig. 3(A) gives the time required for complete oxygen
consumption in the last node i.e. the last layer of scaffold. As seen, the oxygen concentration drops
down to zero approximately after 5 × 106 seconds (∼ 58 𝑑𝑑𝑑𝑑𝑑𝑑). The variation of oxygen concentration
as a function of depth at different time intervals has been presented in Fig. 3(B).

Fig. 3. Oxygen concentration as a function of time in different depths of a scaffold to find the time for
complete oxygen consumption in the last layer of the scaffold (A); oxygen concentration as a function
of depth of the system at various time points (B).
(Qm = 0.0001, the effect of porosity has been neglected).
Estimation of the required time to reach a certain concentration at different depths of a scaffold is of
great importance since it facilitates detection of hypoxic condition in each layer leading to initiation of
cell death. It can be obviously seen in Fig. 3(B) that the difference between oxygen concentration in the
upper and lower regions of the system increases over time owing to the oxygen transfer and
consumption in the scaffold. Such an observation also suggests a higher rate of oxygen consumption
compared to oxygen diffusion.

3.1. Effect of porosity and cell type

In the next step, the effect of porosity on oxygen concentration was investigated. The general mass
transfer equation in this case was described as equation (18). Fig. 4 shows the effect of 𝑄𝑄𝑚𝑚 and
porosity on oxygen concentration in the last layer of scaffold after one day. Specific oxygen
consumption rate (𝑄𝑄𝑚𝑚 ) plays an important role in the calculations and depends on type of the cells. As
seen in Fig. 4, the oxygen concentration is very sensitive to 𝑄𝑄𝑚𝑚 and an increase in 𝑄𝑄𝑚𝑚 results in
significant decrease in oxygen concentration. On the other hand, oxygen concentration increases by
increasing the porosity of scaffolds. Equation (18) can be rewritten in the following form to facilitate
the analysis of the system:
(19)

𝛼𝛼

𝜕𝜕𝜕𝜕
= 𝛼𝛼𝐷𝐷 ∗ 𝛻𝛻 2 𝐶𝐶 + 𝑅𝑅
𝜕𝜕𝜕𝜕

Fig. 4. Variation of oxygen concentration with different porosities and specific oxygen consumption
rate (𝑄𝑄𝑚𝑚 ) for the last node after one day (the calculated oxygen concentrations have been included in
the table).
The term 𝛼𝛼𝐷𝐷∗ is effective diffusion coefficient (𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 ). The scaffold with higher porosity possesses
higher effective diffusion coefficient which means more oxygen diffusion into the system. By assuming
equal oxygen consumption rate (R) for two systems with different porosities, oxygen concentration
versus porosity shows an ascending behavior as illustrated in Fig. 4. It should be noted that by
increasing the value of 𝑄𝑄𝑚𝑚 , the effect of porosity on oxygen concentration increases while for small
values of 𝑄𝑄𝑚𝑚 (such as 0.0001), porosity approximately has no significant effect on the oxygen
concentration. It should be mentioned that the effect of porosity on oxygen concentration presented
in Fig. 4 was examined by assuming a constant porosity for the whole scaffold.

3.2. Effect of gradient architecture

In the next step, gradient scaffolds were taken into the account. Unlike homogenous scaffolds, in
gradient ones, the porosity of scaffold in different regions is not constant. The effect of scaffold
architecture on oxygen concentration was investigated for two types of gradient (Grad 1 and 2) and
two types of homogenous (Homog 1 and 2) scaffolds as schematically illustrated in Fig. 5. The
porosities of homogenous scaffolds 1 and 2 were assumed to be 0.9 and 0.1, respectively. The porosity
of gradient scaffolds was supposed to change from 0.1 to 0.9 with the increment value of 0.1. The
values of oxygen concentration after 3 days at different nodes of the scaffolds are presented in Fig. 5.
It should be noted that more than 30 nodes are required to examine the effect of porosity change on
the oxygen concentration profile. Hence, a 90-node network was used in which the nodes from 45 to
90 represent the scaffold region. As seen in Fig. 5, oxygen concentration within both Grad 1 and Grad 2
lies between Homog 1 and Homog 2 scaffolds. Though not significantly, Grad 2 had a slightly better
performance in oxygen delivery to the underneath layers than Grad 1. It should be noted that the
reported data has been obtained based on the given parameters used in this study. Changing any of
these parameters may or may not significantly affect the outcome. Furthermore, oxygen concentration
is not the only factor that influences scaffold performance. As an example, while scaffolds with very big
pore size allow facilitated diffusion of oxygen and nutrient into the underneath layers, they may

provide inadequate surface area for cell adhesion. Taking this fact in to the account, oxygen
concentration profile might be one of the origins of the observed difference in biological performance
among various homogenous or gradient scaffold [11], but not necessarily the main origin.

Fig. 5. Oxygen concentration for homogeneous and gradient scaffolds after 3 days along with
schematic illustration of considered scaffolds (the calculated values of oxygen concentration have been
included in the table).

3.3. Penetration depth and cell distribution

Cell penetration/migration/distribution all over the scaffold is also of great importance in tissue
engineering. After seeding the cells onto the scaffold, they start to grow and migrate depending on the
presented stimuli/signals in the surrounding environment. Whether the cells migrate instinctively to a
certain depth within the scaffold (or even the last layer) or they are artificially distributed all over the
construct by means of seeding techniques, they need oxygen to be present in their surrounding media
for survival. To investigate the effect of penetration depth and cell distribution, two different
conditions were considered:
1 Cells cover the entire scaffold. When the hypoxic condition is reached, the cells in deeper
layers of the scaffold die and only cells within the top 1/3rd of scaffold thickness can survive. In
this case, the oxygen concentration in regions where there is no cell is 0.

2 Cells only cover the top 1/3rd of scaffold thickness. It is assumed that cell death does not
occur in this condition. Initial oxygen concentration in regions of scaffold with no cell is equal to
1.
It should be noted that initial oxygen concentration in other regions of the scaffold and liquid layer for
both conditions was assumed to be 1.
Fig. 6(A and B) displays oxygen concentration for the first condition after ten days. Axes X, Y and Z
represent depth, length of bioreactor, and oxygen concentration, respectively. Since measuring oxygen
concentration in scaffolds is a complicated procedure, experimental data is not available for comparing
the predicted values in this study with real experimental data. However, the trend of the obtained
values is similar to the previous study by Zhao et al. [17]. Fig. 6(C) shows oxygen concentration as a
function of time for different nodes of static bioreactor for the first condition. In nodes 1–60 attributed
to the liquid layer and living cells, oxygen concentration decreases over time while at deeper nodes
indicating regions with no active cells, it is contrary. Fig. 6(D) shows the oxygen concentration in region
without cells for the first condition. According to the figure, oxygen concentration increases to reach a
plateau before decreasing. This maximum value is different for various nodes and decreases at deeper
parts of the scaffold. Therefore, the smallest maximum value is for node number 90 which is the
deepest part of scaffold. Before the maximum value of oxygen concentration is reached, oxygen mass
transfer is from the top of the bioreactor to the bottom. As the oxygen concentration reaches its
maximum value, the direction of mass transfer reverses providing oxygen for cells from both top and
bottom. The reverse mass transfer can improve oxygen transfer to the last layer of the cells residing in
the top 1/3rd of the scaffold.

Fig. 6. 3D (A) and 2D (B) representation of oxygen concentration for first condition after 10 days.
Variation of oxygen concentration over time for the first condition in the whole system (C) and the
region where dead cells are located (D). Cells cover the entire scaffold but only cells within the top
1/3rd of scaffold thickness can survive. The oxygen concentration in regions where there is no cell is 0.
Fig. 7(A and B) shows the oxygen concentration for the second condition. As presented in the figure,
oxygen concentration in the last layer is higher than the previous condition (Fig. 6) due to the initial
oxygen concentration in this region. Fig. 7(C) shows oxygen concentration for regions with no cell. The
extremum point observed in previous condition does not appear for the second condition and there is
no reverse mass transfer.

Fig. 7. 3D (A) and 2D (B) representation of oxygen concentration for second condition after 10 days.
Variation of oxygen concentration over time for the second condition in regions with no cell (C). Cells
only cover the top 1/3rd of scaffold thickness. Initial oxygen concentration in regions of scaffold with
no cell is equal to 1.

3.4. Static vs. dynamic bioreactor/culture

Fig. 8 reveals the comparison between the performance of static versus dynamic bioreactors. This
figure shows the variations of oxygen concentration in the last layer of static and dynamic bioreactors
as a function of time. As seen, the oxygen concentration in a static bioreactor decreases with a
significantly higher slope compared to a dynamic bioreactor suggesting that dynamic bioreactors
present a better performance for oxygen transfer. It has been recently reported that cell volume
fraction achieved when dynamic reactors are used, is much higher than that from static reactor due to
better diffusion and distribution of oxygen molecules throughout the reactor [17].

Fig. 8. Comparison of variation of oxygen concentration in the last layer in static and dynamic
bioreactors over time.

4. Conclusion

In the present study, oxygen transfer kinetics and the effective parameters on the oxygen
concentration within human mesenchymal stem cell seeded tissue engineering scaffolds were
mathematically studied. A mass transfer equation was proposed for evaluating the effect of porosity in

modeling oxygen transfer in bioreactor. The model can predict the oxygen concentration as a function
of time in different regions of a bioreactor. Such information can help recognize the important factors
as well as the scope of their effect on mass transfer within a scaffold which in turn influences
cell viability and function including proliferation and migration. The results showed that porosity plays
an important role in oxygen transfer especially when specific oxygen consumption rate (𝑄𝑄𝑚𝑚 ) has a big
value for the cell of interest. Furthermore, the results indicated that by occurring cell death in deep
layers of the scaffold, oxygen transfer direction changes over time and reverse mass transfer occurs. A
comparison between static and dynamic bioreactors suggested that the dynamic bioreactors are more
efficient compared to static bioreactors in terms of oxygen transfer.
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